The nucleotide sequence of the 5S ribosomal RNA of Streptococcus cremoris has been determined. The sequence is 5' UUUUGGUCAUCAUUGCGAUGGAGAUACACCUGUUCCCAUGUCGAACACAGAAGUUAAGUCC AOCOACGGCGGAAGOACUUGGGGGUOGCCCCCUGGGAGAUAOGCGAGUGGCCAAGU OH 3'. Comparison of the £>. cremoris 5S RNA sequence to an updated prokaryotic generalized 5S RNA structural model shows that this 5S RNA contains some unusual structural features. These features result largely from uncommon base substitutions in helices I, II and IV. Some of these unusual structural features are shared by several of the known 5S RNA sequences from mycoplasmas. However, the characteristic bloc of deletions found in helix V of these mycoplasma 5S RNAs is not present in the 5S RNA of S. cremoris.
INTRODUCTION
The 5S ribosomal RNA has been studied extensively from the viewpoint of molecular function (1) and this structurally conserved molecule also has been utilized for phylogenetic studies (2-7). Here we report the nucleotide sequence of the 5S
RNA from the Gram positive lactic acid bacterium Streptococcus cremoris and characterize several unusual features in its structure that have not been described before. Our analysis is based on a generalized 5S RNA structural model for prokaryotes which was derived from generalized models developed previously (8) (9) (10) . We also utilized our model to analyze the published sequences of the 5S RNAs found in each of three fermentative mycoplasmas (11, 12) that are believed to be descendants of Gram positive bacteria.
MATERIALS AND METHODS
S. cremoris (ATCC 11603) was grown in MRS medium (Difco), the cells collected, ground with twice their wet weight of alumina (Alcoa, bacteriological grade A-305) and extracted with 10 mH MgCl_, 60 mM NH.C1, 6 tnM 2-mercaptoethanol in 10 mM Tris-HC1, pH 7.8. Crude ribosomes were obtained from the supernatant (13) , taken up in 1 mb lgCl , 0.5% SDS, 10 mM Tris-HCl, pH 7.6, and treated with 10 yg proteinase K/rol for 5 min at room temperature. An equal volume of 1.0 M KOAc was added, the suspension kept on ice for 30 min and centrifuged. The RNA fraction was precipitated from the supernatant with ethanol and purified by chromatography on Sephadex G-100 and by electrophoresis in a non-denaturing 10% polyacrylamide gel. The purified 5S RNA was labeled at the 5'-end or the 3'-end and sequenced as described previously (14) (15) (16) (17) (18) . All positions were confirmed using at least two independent sequencing methods.
Areas of band compression on sequencing gels caused difficulties in resolving the sequence of certain regions of the S3. cremoris 5S RNA molecule (e.g. helix V). Other regions of the molecule contained unusual sequences for a 5S RNA (e.g. helix IV). The sequences of these regions were resolved by two dimensional mobility shift analysis (17, 18) . Unlabeled 5S RNA (1 pg) was partially hydrolyzed in d. formaraide-MgCl 2 (4 mM) at 100°C for 5 minutes and then dried overnight. The hydrolyzed RNA was 32 subsequently labeled using [y-P] ATP and T4 polynucleotide kinase (P.-L. Biochemicals). The labeled 3'-fragments were denatured in 20 mM NaCitrate, pH 5, 1.3 mM EDTA, 7 M urea at 80°c for 1 min and were separated on 8% and 12% polyacrylamide 7 M urea sequencing gels using 0.5 M Tris-Borate, pH 8.3, 10 mM EDTA buffer. Using an autoradiogram as a template, bands that corresponded to the region of the molecule where the sequence needed to be confirmed were cut from the gel. The RNA fragments in these bands were eluted from the gel in 0.1% SDS, 0.3 M NaCl with 0.2 O.D. carrier tRNA/ml by shaking overnight at 37°C. The eluant was pipetted away from the gel slice and the RNA was precipitated with ethanol (16). These 5'-labeled RNA fragments were hydrolized in d. formamide-MgCl-(4 mM) at 100°C for 30 min. After being dried overnight, the RNA was resuspended in 2 ul distilled water and assayed using mobility shift analysis (17, 18) . Parts of the sequence needing special attention were confirmed using this method. Figure 1 . The sequence of the Streptococcus cremoris 5S RNA drawn in accord with the prokaryotic secondary structure model ( Fig. 2A) .
RESULTS AND DISCUSSION
The S. cremoris 5S RNA is 117 nucleotides long, has a GC content of 53% (G:C:A:U -34:26:27:30) and like most other 5S RNAs sequenced to date, appears to contain no modified nucleotides. The nucleotide sequence of the 5S ribosomal RNA from £>. cremoris is shown in Fig. 1 . The sequence is drawn in accordance with the revised prokaryotic generalized secondary structural model shown in Fig. 2A . A number of unusual features occur in the S_. cremoris 5S RNA and these are described with respect to the generalized model. The prokaryotic generalized structure ( Fig. 2A) was developed from alignment of the known bacterial 5S RNA sequences (19, 20) and from the generalized 5S RNA structure published earlier (8, 9) . As pointed out previously (9) , this model contains five double-helical regions as proposed by Studnicka and co-workers (21) and by Nishikawa and Takamura (22) for prokaryotic 5S RNAs. This model is a modification of the Fox and Woese base-pairing scheme originally derived by comparative sequence analysis of 5S RNAs (23) but includes extensions of the base paired regions and an additional helix (helix IV) (22) . Pfe base paired regions have been extended still further by the concept that guanine and adenine can form base pairs (24, 25, 20) . The prokaryotic generalized structure contains a number of common Comparison of the £. cremoris 5S RNA structure (Fig. 1) to the prokaryotic generalized structural model ( Fig. 2A) are either unusual or unique to the £>. cremoris 5S RNA. These include:
1. In helix I, the base-paired positions C. and G 11Q are reversed from the equivalent universal positions Gg-Pyji •,• 2. In loop a, a pyrimidine, U^, is substituted at the universal purine 15 position. (The only other purine to pyrimidine substitution known at this position in eubacteria is in Rhodospirillum rubrum 5S RNA, also a U) (28).
3. In helix II, a substitution of an A at position 66 in place of the common prokaryotic G results in mispairing with the common prokaryotic C at position 16. This substitution is also found in some mycoplasma 5S RNAs (see below).
4. Helix IV and loops e and g adjacent to helix IV in particular contain a concentration of several alterations: In helix IV of the S. cremoris 5S RNA structure, the base-pair G, n --t>y C 105 ' F *9" !) * s reversed (see Fig. 2B , equivalent base-pair C 7Q -G^ng). This same reversal has been observed in cyanobacteria and chloroplast 5S RNAs (29) . In loop e, between positions A 73 and U 76 (Fig. 2B , equivalent positions A ? , and u" 77 ), either the A/U ?4 or one purine, 75 or 76, has been deleted. Similarly in loop g (Fig. 2B) , one purine deletion has occurred between positions G 100 and U 103" In addit* 0 "' i° helix IV (see Fig. 1 ), it appears that the nucleotide-pair G 7I~UTO3 * S probably an insertion. This insertion not only maintains the chain length of the entire limb between position G,.. and position G loa but also maintains an extended helix IV (five pairs can be formed). Thus, major alterations have occurred in this region but the basic integrity of this limb of the 5S RNA molecule has been maintained. The conservation of structure and overall chain length in this region may not be fortuitous but rather may be crucial for the function of the 5S RNA molecule. The S^. cremoriB 5S RNA was selected for sequencing because previously it had been shown that one large division of the mycoplasmas, called acholeplasmas, descended from streptococci and it was concluded also that the other mycoplasmas similarly evolved from various other walled bacterial progenitors (30, 31) . It was proposed that mycoplasmas, which are characterized by small genome sizes, arose from their walled progenitors through losses of large amounts of genetic material including genes coding for portions of the cell envelope and for RNAs. Woese e_t al. (32) also concluded that mycoplasmas arose by degenerative evolution from bacteria and described two group III Clostridium species as the bacteria most closely related to mycoplasmas, spiroplasmas, and acholeplasmas.
5S RNA sequences from three mycoplasmas, Mycoplasma capricolum (11), M. mycoides subsp. capri, and Spiroplasma sp. BC3 (12) are available and each is 107 nucleotides in length. All three mycoplasma 5S RNAs were recognized as being more closely related to Gram positive bacteria than to Gram negative bacteria and a few of the deletions responsible for the short chain lengths were identified (11, 12) . The generalized models described here are particularly valuable for analyzing sequences where nucleotides are deleted as in the case of the 5S RNAs from mycoplasmas, chloroplasts and mitochondria. Comparison of the mycoplasma short structures to the Gram positive model shows that the most extensive alterations occur in the 5S RNAs from M. mycoides subsp. capri and M. capricolum and these are quite similar to one another in pattern. Each of these 5S RNAs as well as the Spiroplasma BC3 5S RNA has sustained a bloc deletion at the base of Helix v. These deletions are not present in the £3. cremoris 5S RNA. On the other hand, the £3. cremoris 5S RNA shares several unusual structures with the 5S RNAs from these mycoplasmas. One unusual base pair found in the £. cremoris and the two Mycoplasma 5S RNAs is a GC reversal in helix IV. All three of these mycoplasma 5S RNAs share with the £5. cremori s 5S RNA at position 66 an unusual A which results in mispaired bases at C^g-Agg. They also share a U at looped-out position 65 which in most Gram positive bacterial 5S RNAs is an A. The 5S RNA comparisons are consistent with a phylogenetic relationship between ^. cremoris and the mycoplasmas, but the data in hand suggest that ^. cremoris may be related only distantly to these fermentative mycoplasmas (30) . The divergence of the 5S RNA of £5. cremoris from the generalized 5S RNA structure results in an inability to further evaluate the phylogenetic relationship between §. cremoris and the mycoplasmas.
